A cryptic plasmid, pBAA1, was identified in an industrial Bacillus strain. The plasmid is 6.8 kilobases in size and is present in cells at a copy number of approximately 5 per chromosome equivalent. The p!asmid has been maintained under industrial fermentation conditions without apparent selective pressure and so is assumed to be partition proficient. The minimal replicon was localized to a 1.4-kilobase fragment which also contains the functions required for copy number control. The very low level of segregational instability of the minimal replicon suggests that it also contains functions involved in plasmid maintenance. Comparison with other plasmids indicates that pBAA1 belongs to the group of small gram-positive plasmids which replicate by a rolling cycle-type mechanism. A sequence was identified which is required for the efficient conversion of the single plus strand to the double-stranded form during plasmid replication. Deletion of this sequence resulted in a low level of segregational plasmid instability.
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The development of cloning vectors for use in Bacillus subtilis has relied on plasmids isolated from Staphylococcus aureus (6, 7, 14, 15) . Both structural (10, 15, 19, 20, 27) and segregational (1, 2, 10, 19, 28) instabilities were frequently observed when recombinant vectors were transformed into B. subtilis. These instabilities led to intense investigation of the mode of replication and of the stability functions of these plasmids. It has emerged that many of these plasmids replicate by a rolling cycle-type mechanism (11, 12, 31) . The essential features of this mode of replication are (i) an origin of plus-strand synthesis, (ii) a replication protein which interacts with the plus origin to generate a nick which allows displacement synthesis of the plus strand to occur, and (iii) a signal for efficient conversion of the single strand to the double-stranded form. These features have been identified for a variety of plasmids, including pT181 (12, 16, 25) and pC194 (11, 12) .
Our aim is to analyze the segregational instability of plasmids in B. subtilis. It was hypothesized that the segregational instability of many S. aureus plasmids in B. subtilis is due, at least in part, to a suboptimal host-plasmid relationship. Thus , we chose to analyze the stability functions of a plasmid, pBAA1, which was resident in an industrial strain of B. subtilis. pBAA1 has been maintained under industrial fermentation conditions without apparent selection pressure. Preliminary experiments demonstrated that the copy number was low (approximately 5 per chromosome equivalent), so it was assumed that pBAA1 must encode an active partitioning function. In this paper, we report that all of the functions required for replication, copy number control, and partitioning are located on a 2.2-kilobase (kb) fragment. The DNA sequence and other evidence show that pBAA1 replicates by a rolling-circle mechanism and that some features of its replication functions are related both to 4X174 and to the gram-positive plasmids pC194, pUB110, and pFTB14.
MATERIALS AND METHODS Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are described in Table 1 . Bacteria Manipulation of DNA. All manipulations of DNA were performed as described by Maniatis et al. (21) . All enzymes were purchased from commercial suppliers. Sequencing was carried out by the dideoxy-chain'termination method of Sanger et al. (29) . A sequencing kit was used (Amersham Corp., U.K.); reactions were carried out according to the instructions of the manufacturer. In some cases, 17-mer synthetic oligonucleotides (synthesized at the University of Manchester Institute of Science and Technology) were used as primers.
Analysis of single-stranded DNA production. Lysates were prepared by the method of te Riele et al. (31) . Lysates were analyzed by electrophoresis in 0.8% agarose gels containing 0.5 ,ug of ethidium bromide per ml for approximately 16 h at 4 V/cm. To detect single-stranded plasmid DNA only, gels were transferred to Biodyne (Pall Ultrafine Filtration Corp., East Hills, N.Y.) without prior denaturation by the method of te Riele et al. (31) . All other gels were denatured with NaOH prior to transfer. DNA was transferred to Biodyne by diffusion with lox SSC (lx SSC is 0.15 M NaCI plus 0.015 M sodium citrate) according to the instructions of the manufacturer. Prehybridization, hybridization, and washing were performed according to method A of the manufacturer. Autoradiograms were made with RX medical X-ray film (Fuji Photo Film, Japan) with intensifying screens at room temperature.
Copy number determinations. Plasmid copy numbers were determined as follows. Total DNA was prepared separately from cells containing the plasmids of interest and was double digested with BamHI-HindIII, which cuts the plasmids to give a pBAA1 fragment of approximately 2.2 kb. This double digestion cuts chromosomal DNA, releasing a fragment of approximately 4 kb which contains the ,-glucanase gene. The digested DNA was separated on a 1.0% agarose gel and was transferred to Biodyne. This filter was then hybridized with a nick-translated pJG14 plasmid (which contains both 1.5 kb of P-glucanase DNA and 1.4 kb of pBAA1 DNA). The filter was then washed and exposed to X-ray film. The developed film was scanned densitometrically with a chro- To delimit the minimal replicon, fragments of pBAA1 were subcloned onto the replicon probe plasmid pRP1 (Fig. lb) and were tested for their ability to support replication by transformation into B. subtilis and selection for antibioticresistant transformants. It was found that plasmids pRP37, pRP22, and pRP17 containing 3.7, 2.2, and 1.7 kb, respectively, of pBAA1 replicated in B. subtilis. To further delineate the minimal replicon, progressive deletion of each end of the 1.7-kb HaeIII fragment of pBAA1 was carried out by using Bal 31 (Fig. 1c ). The precise endpoints of the Bal 31-deleted derivatives were determined by sequencing. Results showed that deletion of 350 base pairs (bp) from one end of the fragment allowed replication, whereas deletion of a further 230 bp (region A) abolished the ability to replicate. Similarly, deletion of 356 bp (region B) from the other end of the fragment abolished the ability to replicate. To test whether pUC18 contained on the pRP plasmids contributed to their replication proficiency, plasmids pDE68, pDE37, pDE22, and pDE14 were constructed ( (Fig. 2, region B) , abolishes the replication proficiency of the plasmid. The second line of evidence derives from a comparison of this protein with the replication proteins of pUB110, pC194, and pFTB14 (23) (Fig. 3) . The pBAA1-encoded protein is 92% homologous at the amino acid level with the replication protein of pFTB14 (homology not shown) and homologous to a lesser though very significant extent with the replication proteins of pUB110 and pC194 (Fig. 3) . Thus, the protein coded by the open reading frame of pBAA1 is designated RepA. A 230-bp fragment ( Fig. 1c and 2 , region A) was also shown to be essential for replication of pBAA1. Analysis of the sequence in this region shows four sets of inverted repeats ranging in size from 4 to 14 bp. To discover the sequences essential for replication, a homology search was performed to determine whether there are sequences within this region conserved among other Bacillus and S. aureus plasmids known to replicate in B. subtilis. Results (Fig. 4) showed that a 15-bp sequence was conserved in pBAA1, pUB110, pC194, and pFTB14. No significant homology was found with pT181, pC221, or pE194. This conserved sequence is found in the 55-bp region of pC194 shown by Gros et al. (11) to have origin activity. Within this 15-bp conserved sequence are two additional features. (i) The sequence CTTGATA is the sequence at which nicking of the plus strand occurs in the initiation of replication of the coliphage XX174. (ii) An 18-bp sequence (containing these conserved 15 bp) has been shown by Gros et al. (11) to contain a signal sufficient to terminate replication of plus-strand synthesis. These data strongly suggest that this 15-bp conserved region is part of the origin of pBAA1 and is one of the features within region A which is important for replication. In addition, by analogy with 4X174 and pC194, it suggests that pBAA1 replicates by a rolling circle-type mechanism.
Copy number determination of parental and deletion derivatives of pBAA1. The copy number of pBAA1 and the deletion derivatives were determined as described in Materials and Methods. Densitometric scanning of the autoradiogram indicates that the copy number of pBAA1 in the industrial strain BAA1 is 2 to 3 chromosome equivalents. The copy numbers of pDE68, pDE37, pDE22, and pDE14 in the laboratory strain S0113 are the same as that of the parental plasmid in the industrial strain BAA1. Under these conditions, the copy number of pC194 is 11 stranded plasmid DNA. In the rolling-circle model of plasmid replication, the plus strand is synthesized as a covalently closed circular single strand of DNA. Synthesis of the second strand then initiates at a minus-strand origin sequence, generating a double-stranded plasmid DNA molecule (for a review, see reference 18). Such minus origins, which are characterized by their potential for secondary structure formation, have been identified for the coliphages M13 (9), G4 (8) and (X174 (30) . In addition, minus-origin sequences have been identified for a variety of plasmids, e.g., pT181, pC221, and pC194 (12) . Deletion of the minusorigin sequence leads to the accumulation of single-stranded plasmid DNA. If pBAA1 replicates by a rolling cycle-type mechanism, as is suggested by the homology to 4X174 and pC194, then (i) it should have a minus origin and (ii) deletion of this minus origin should lead to the accumulation of single-stranded plasmid DNA. To determine the location of the minus origin of pBAA1, cells containing the pRP and pDE series of plasmids were tested for the presence of single-stranded plasmid DNA, as described in Materials and Methods. Separate gels were transferred to Biodyne with or without prior denaturation of the DNA with NaOH (31). In the absence of denaturation, only single-stranded nucleic acid binds to the filter. Figure 5 shows the results for the pDE series of plasmids. Plasmids pBAA1, pDE68, pDE37, pDE22, and pDE14 show two major hybridizing bands, probably corresponding to CCC monomeric and dimeric plasmid species. These bands did not bind to Biodyne in the absence of denaturation. Plasmid pDE14, in addition to these bands, has a band (arrow) which migrated ahead of the double-stranded DNA species and which bound to Biodyne in the absence of denaturation. This fast-migrating band is preferentially degraded by S1 nuclease under conditions which cause no detectable degradation of the doublestranded forms (data not shown). These data indicate that this band is single-stranded plasmid DNA. For the pRP series of plasmids, the single-stranded plasmid DNA was observed in cells containing pRP17 but not in cells containing pRP22 or pRP37 (data not shown). Thus, sequences present on the 2.2-kb HindIII fragment but absent from the 1.7-kb HaeIII fragment are required for normal replication of the plasmid.
Two regions of DNA are deleted from the 2.2-kb HindIII fragment to give the 1.7-kb HaeIII fragment: a 355-bp fragment from the left-hand (5') terminus and a 197-bp fragment from the right-hand (3') terminus (Fig. 2) . To determine the location of the minus origin on the 2.2-kb HindIII fragment, the sequences of these regions were analyzed. The 355-bp fragment deleted in the 1.7-kb HaeIII subfragment has the potential for complex secondary structure formation. Since no unusual feature was evident in the 197-bp right-hand sequence, we decided to concentrate on the 355-bp sequence. Three unique restriction sites, BstEII (200 bp), EagI (353 bp), and NaeI (770 bp) were used to generate mutations in the left-hand end of the 2.2-kb HindIII fragment. Plasmid pRP22 was restricted with BstEII, the ends were filled in, and the plasmid was religated, yielding pRP22F, which had a 5-bp insertion into the BstEII site. Plasmid pRP22 was also separately double digested with BstEII-EagI and with EagI-NaeI, the ends were made blunt, and the vector was religated. This yielded plasmids pRP22BE and pRP22EN, with 152-and 414-bp deletions, respectively. Whole-cell lysates were made of cells containing each of these constructions and were tested for the presence of single-stranded plasmid DNA. Results demonstrate that pRP22 and pRP22EN produce no detectable VOL. 171, 1989 PW"IIS SKWUPIM CE
Comparison of the amino acid sequences of the replication proteins of pBAA1, pC194, and pUB110. The amino acids in boxes are conserved between the pBAA1 replication protein and the replication proteins of pC194 and pUB110. The amino acid sequence of the replication protein of pFTB14 is 92% homologous to that of pBAA1 (homology not shown). Dashes represent gaps inserted to optimize the protein alignment.
single-stranded plasmid DNA, whereas plasmids pRP17, pRP22F, and pRP22BE produce detectable quantities of single-stranded plasmid DNA (data not shown). Similarly, deletion of the BstEII-EagI fragment from plasmid pDE22 resulted in the production of single-stranded plasmid DNA (data not shown). Interestingly, the amount of singlestranded plasmid DNA produced by pRP22F is less than that produced by pRP22BE, suggesting that the 5-bp insertion attenuates but does not totally abolish this function. It can be concluded that sequences which when deleted result in the production of plasmid single-stranded DNA, overlap the BstEII site (at bp 200; Fig. 3 ) but do not extend as far as the EagI site (at bp 352; Fig. 2 ). Thus, a signal required for the efficient conversion of the single-stranded plasmid DNA to the double-stranded form during replication is located to this region. subtilis containing no plasmid (lanes A and A'), pBAA1 (lanes B and B'), pDE68 (lanes C and C'), pDE37 (lanes D and D'), pDE22 (lanes E and E'), or pDE14 (lanes F and F') were separated by agarose gel electrophoresis, denatured with NaOH (panel 1) or not denatured (panel 2), and transferred to Biodyne as described in Materials and Methods. The filter was then hybridized to 32P-labeled pRP14. The band of single-stranded plasmid DNA (4) is shown.
Segregational stability of pBAA1 and the deletion derivatives. Since pBAA1 was stably maintained under industrial fermentation conditions without apparent selective pressure, it is assumed to be segregationally stable. The segregational stabilities of the deletion derivatives were analyzed as described in Materials and Methods to detect plasmid-encoded functions involved in this process. Results (Table 2) demonstrate that pRP22 and pDE22 are totally stable under these conditions. Plasmids pRP17 and pDE14, both of which produce single-stranded plasmid DNA, displayed a low but reproducible level of instability, with 5 to 20% of the cells losing plasmid during the growth period. The deletion of the BstEII-EagI fragment from pRP22, which resulted in the production of single-stranded plasmid DNA, also resulted in instability. No instability was observed for the 5-bp insertion into the BstEII site (pRP22F) despite the production of single-stranded plasmid DNA. It can be concluded that removal of the entire 355 bp HindIII-HaeIII fragment results in a low level of instability. This instability does not, however, correlate with the production of single-stranded plasmid DNA. A body of evidence supports the hypothesis that pBAA1 replicates by a rolling circle-type mechanism. Key features of this mode of replication include (i) an origin of plus-strand synthesis containing a site at which the DNA is nicked; (ii) a replication protein which nicks the plus strand, forms a covalent linkage with the DNA, and renicks and ligates the newly synthesized plus strand after one round of replication; and (iii) an origin sequence for initiation of minus-strand synthesis. The replication functions of pBAA1 have several features homologous to the replication functions of coliphage 4X174 and S. aureus plasmid pC194, both of which replicate by a rolling cycle-type mechanism (11, 18) . The similarities between (X174, pC194, and pBAA1 include all the features essential to this mode of replication. For example, there are conservation of sequence at the plus origin and conservation of amino acids at the active site of the replication protein in all three cases. In addition, all three contain a genetic function which although not similar at the sequence level is involved in efficient conversion of the single strand to the double-stranded form. In summary, these data strongly suggest that pBAA1 replicates by a rolling cycle-type mechanism.
It was observed that deletion or mutation of a sequence overlapping the BstEII site results in the production of large quantities of single-stranded plasmid DNA. In view of the strong likelihood that pBAA1 replicates by a rolling circletype mechanism, it is probable that this sequence is involved in the efficient conversion of the single plus strand to the double-stranded plasmid form. Palindromic plasmid sequences with this activity have previously been reported for gram-positive plasmids, e.g., pT181, pC221, pUB110, and pC194 (12) , and for pLS1 (5 
